2+ homeostasis in lymphatic fluids is necessary for proper hearing. 
INTRODUCTION
The composition of cochlear endolymph is unique as an extracellular fluid. Endolymphatic Ca 2+ concentration is very low for an extracellular fluid (∼0.023 mM). In addition, perilymphatic Ca 2+ concentration is also low (∼1.3 mM) compared with that of the plasma (∼2.6 mM; Marcus and Wangemann, 2010) . The regulation of these lymphatic Ca 2+ concentrations seems to be vital for normal hearing. For example, the increased perilymphatic Ca 2+ concentration increases the compound action potential (Bobbin et al., 1991) . Perfusion of artificial perilymph that lacks Ca 2+ into the perilymphatic space completely abolishes activity of cochlear nerve fibers (Siegel and Relkin, 1987) . Increases in Ca 2+ concentrations in the endolymph resulting from noise exposure (Ikeda et al., 1988) likely damage hair cells due to Ca 2+ overload (Sha and Schacht, 2017) . These observations indicate the importance of maintaining intracellular Ca 2+ concentrations within a narrow physiological range for proper cochlear functioning. However, the mechanism for tightly regulating Ca 2+ homeostasis in both lymphatic fluids has not been fully elucidated.
Calcium-sensing receptor (CaSR) is a G protein-coupled receptor that detects Ca 2+ concentrations in parathyroid cells. It has an established role in regulating serum Ca 2+ levels by detecting subtle changes in the concentration of circulating Ca 2+ thereby modulating parathyroid hormone (PTH) secretion and in turn, regulating serum Ca 2+ homeostasis (Magno et al., 2011) . The channel property which is capable of sensing Ca 2+ with high sensitivity is also ideal for detecting lymphatic Ca 2+ levels for feedback regulation. In the cochlea, CaSR has been reported to contribute to arteriole constriction in the cochlear modiolus artery (Wonneberger et al., 2000) , however, its function as a sensor of endolymphatic or perilymphatic Ca 2+ concentrations have never been explored. In this study, we investigated the expression and function of CaSR in the mature rat cochlea.
MATERIALS AND METHODS

Animals
All experiments involving animals were performed using procedures approved by the Institutional Animal Care and Use Committee of Nagoya City University (approval number, H27M-75R1). Five-week-old adult male Wistar/ST rats (150-180 g) were purchased from Japan SLC Inc., Shizuoka, Japan. For Ca 2+ imaging studies, 4-week-old Wister/ST rats (100-130 g) were used.
Western Blotting
For western blotting, cochleae and whole kidneys from 5-weekold adult male Wistar/ST rats were snap frozen and stored at −80 • C until protein extraction. Tissues were homogenized in ice-cold RIPA lysis buffer (50 mM Tris HCl, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS), after which 30 µg of homogenates were fractionated by SDS-PAGE and transferred by electrophoresis onto a PVDF membrane (Merck Millipore, Burlington, MA, USA). Membranes were blocked with 5% skim milk (BD Bioscience, Franklin Lakes, NJ, USA) and 5% normal goat serum (MilliporeSigma, St. Louis, MO, USA). Immunoblotting was performed using a mouse monoclonal anti-CaSR antibody (MA1-16940, HL1499:1:300; Thermo Fisher Scientific, Waltham, MA, USA; RRID:AB_2071589) in 5% normal goat serum and 5% skim milk in Tris-buffered saline. Protein bands were visualized by applying a horseradish peroxidase (HRP)-conjugated secondary antibody (A16072, 1:2,500; Life Technologies, Carlsbad, CA, USA; RRID:AB_2534745), and were detected using a chemiluminescent reagent (ECL Prime Western Blotting Detection Reagent; GE Healthcare, Little Chalfont, United Kingdom). Kidney tissues were used as a positive control. Anti-ß-actin antibody (8H10D10, 1:1,000; Cell Signaling Technology, Danvers, MA, USA; RRID:AB_2242334) was used as an internal loading control. The blot was visualized and bands were imaged using an Amersham Imager 600 and its associated software (GE Healthcare).
Immunohistochemistry
Cryosectioning of 5-week-old rat cochleae was performed as previously reported (Inagaki et al., 2008) . Briefly, rat cochleae were fixed with a transcardial perfusion of 4% paraformaldehyde in phosphate-buffered saline (PBS; pH 7.4) followed by postfixation. After decalcification in 8% EDTA in PBS, cochleae were placed in a gradient of sucrose (30%) overnight, embedded in OTC compound (Sakura Fine Tek, Tokyo, Japan), frozen in liquid nitrogen, and cryosectioned into 10-µm thick slices.
Frozen sections were treated with Tris-EDTA buffer (pH 9.0) for antigen retrieval. After rinsing with PBS, slides were preincubated overnight at 4 • C in 10% normal goat serum and 0.1% Triton-X dissolved in PBS, followed by incubation with the monoclonal anti-CaSR antibody (HL1499, 1:200; Thermo Fisher Scientific) in 10% normal goat serum and 0.1% Triton-X in PBS overnight at 4 • C. After rinsing with PBS, the sections were incubated with goat secondary antibodies conjugated to Alexa 594 (A11005, 1:1,000; Thermo Fisher Scientific, RRID: AB_2534073) for 1 h at room temperature. After rinsing with PBS, sections were mounted with ProLong Gold antifade reagent (Invitrogen/Molecular Probes, Eugene, OR, USA) and stained with DAPI (Life Technologies). For CaSR staining, incubation without primary antibody was used as a negative control (Supplementary Figures S1A-H) , and kidney tissue cryosections were used as positive controls. Immunofluorescent labeling was analyzed using a Nikon A1Rs+ laser confocal scanning microscope (Nikon Inc., Tokyo, Japan), and its associated software was used to merge images. The contrast and brightness of the image were adjusted for improved visualization.
Ca 2+ Imaging
To determine the functionality of CaSR expressed in fibrocytes of the spiral ligament, we performed Ca 2+ imaging on cochlear tissue. We used 4-week-old rats for these studies because the ossification of temporal bones in rats older than 5 weeks prohibits dissection of the cochlea for use in Ca 2+ imaging studies. In these preparations, Reissner's membrane was removed from the spiral ligament so that the spiral ligament formed the outermost portion of the whole mount cochlea, which was fixed to the coverslip with the apical side up. Fibrocytes in the loose connective tissues come in contact with perilymph, which has a low calcium concentration (1.3 mM). Rats were euthanized by cervical dislocation with ketamine (100 mg/kg) and xylazine (10 mg/kg); the temporal bones were dissected in dissection solution (MEM/Glutamax-1; Life Technologies). Subsequently, the apical turn was dissected with the spiral ligament in fresh dissection solution, and rat cochlear tissue for Ca 2+ imaging was processed for recording as previously described (Inagaki and Lee, 2013) . Rat cochlear tissue was fixed on a glass coverslip on the bottom of a perfusion chamber by a nylon ladder that was constructed by stretching a nylon stocking. Imaging was performed using a laser scanning confocal fluorescent microscope system (A1R+; Nikon) and a ratiometric method was used to analyze cytoplasmic calcium concentration as described previously (Yamamura et al., 2013) . Dissected sections were loaded with 10 µM fluo-4 acetoxymethyl ester (fluo-4/AM; Invitrogen/Molecular Probes) and 0.09% Pluronic F-127 for 40 min in normal HEPES-buffered solution, and excessive fluo-4/AM was removed thoroughly for 10 min. The normal HEPES-buffered solution had an ionic composition of 137 mM NaCl, 5.9 mM KCl, 2.2 mM CaCl 2 , 1.2 mM MgCl 2 , 14 mM glucose, and 10 mM HEPES (pH 7.4 with NaOH); for the Ca 2+ -free HEPES-buffered solution, 2.2 mM CaCl 2 was removed and 1 mM EGTA was added to normal HEPES-buffered solution. CaSR-immunoreactive fibrocytes were located lateral to the stria vascularis and medial to the fibrocytes lining the otic capsule. Therefore, to focus on CaSR-labeled fibrocytes, the responses of fibrocytes in the center of the layer between the two sides of the spiral ligament were recorded.
Intracochlear Injection and Auditory Brainstem Response Recording
Five-week-old rats were anesthetized and placed on a heating pad (Deltaphase isothermal pad; Braintree Scientific Inc., Braintree, MA, USA) to maintain body temperature. Using an aseptic technique, a postauricular incision was made on the right side, and a small hole was made on the otic capsule. A glass capillary needle with a tip diameter of approximately 100 µm was inserted into the round window membrane and either 4 µl of vehicle (DMSO) or CaSR inhibitor solution was applied at the following concentrations: NPS2143, 2 µM (#SML0362, MilliporeSigma); Calhex231, 0.1 µM (#SML0668, MilliporeSigma). Solutions were injected into the perilymphatic space with a microinjector (Nanoliter 2010 Injector with Micro4 Controller; World Precision Instruments, Sarasota, FL, USA) at a speed of 0.133 µl/min over 30 min, which is a feasible protocol for inner ear preservation (Hoya et al., 2004; Pan et al., 2013; Peyvandi et al., 2018) .
For auditory brainstem response (ABR) recordings, tone-burst stimuli were digitally generated by System II (Tucker-Davis Technologies, Tulsa, OK, USA) according to the manufacturer's instructions, and presented in a closed field. The duration of tone burst stimuli was 0.1 ms, and four different frequencies were applied (8, 12, 16, and 32 kHz) . Auditory thresholds were obtained for each stimulus by reducing the sound pressure level (SPL) in 10-dB steps for rough measurements and 5-dB steps when approaching the threshold to determine the precise threshold to identify the lowest sound pressure at which an ABR wave could be visually detected, which was found to be a maximum intensity of 100 dB SPL and a minimum intensity of 15 dB. This was done by comparing ABR patterns with two or three suprathreshold ABRs displayed successively on the screen. The pharmacological effects of each inhibitor were evaluated 60 min after finishing the injection to allow diffusion into the cochlea (Salt and Ma, 2001 ).
Statistics
Unless otherwise noted, all data are presented as mean ± standard error of the mean. Differences between two groups were evaluated using Student's t-test. For data that were not normally distributed, nonparametric analysis was performed using the Mann-Whitney rank sum test (SigmaPlot, WaveMetrics, Lake Oswego, OR, USA).
RESULTS
Robust Protein Expression of CaSR in Rat Cochlea
CaSR transcripts were previously detected by reverse transcription-PCR (RT-PCR) analysis of the spiral modiolar artery, the expression of which was much lower than that observed in the kidney (Wonneberger et al., 2000) . However, data on protein-level expression have not been reported, so we analyzed CaSR expression in the cochlea by western blot analysis using an anti-CaSR antibody and compared this to its expression in the kidney; proteins of approximately 130 kDa were detected in both tissues, consistent with the size previously reported in kidney lysates (Roussa et al., 2004) . CaSR immunoreactivity in cochlear lysates (Figure 1 , left lane) was prominent and comparable to that in the kidney (Figure 1 , right lane), suggesting that protein expression of CaSR is robust in the cochlea.
Next, to identify the cellular localization of CaSR in the cochlea, we performed immunohistochemical analysis on rat cochlear cryosections. Robust CaSR staining was observed in the spiral ligament of the lateral wall and supralimbal region, whereas more moderate staining was observed in the spiral limbus and epithelial linings of the osseous spiral lamina with no clear difference in fluorescence intensity between the apical and basal turns (Figures 2A,B) . We also observed CaSR staining in the smooth muscle cells of the spiral modiolar artery (Figure 2B , arrowheads).
Within the spiral ligament, CaSR expression was located lateral to the marginal cells of the stria vascularis but was absent in the outermost layer (Figure 2C, arrowheads) . Basally, CaSR staining in the spiral ligament reached the spiral prominence on the modiolar side but extended lower on the outer side ( Figures 2C,D , arrow in Figure 2C ). This expression pattern is consistent with the distribution of type I fibrocytes, which are located between the medial side of the stria vascularis and the type III fibrocytes that line the lateral side of the otic capsule (Spicer and Schulte, 1991) .
The spiral limbus comprises fibrocytes located underneath one layer of interdental cells lateral to the Reissner's membrane and supralimbal fibrocytes located medial to it that cover the apical side of the spiral limbus. CaSR staining was observed in supralimbal fibrocytes (Figures 2E,F , small arrowheads in Figure 2F ) and limbal fibrocytes (Figure 2F, asterisk) on the modiolar side of the spiral limbus (Figures 2E,F) , but not in the interdental cells. We also observed CaSR staining in the epithelia of the osseous spiral lamina ( Figure 2F, large arrowheads) .
The anti-CaSR antibody also immunolabeled spiral modiolar arteries, consistent with the previous report (Wonneberger et al., 2000) . We observed circular or semicircular CaSR immunostaining specifically in these vascular smooth muscle cells located on the outer edge of the vascular endothelial layer (Figures 2G,H, arrows in Figure 2H ).
The Region of the Spiral Ligament With CaSR Immunoreactivity Responds to Elevated Levels of Extracellular Ca 2+
To determine the functionality of CaSR expressed in the cochlea, we performed Ca 2+ imaging on CaSR-immunolabeled type I fibrocytes in the spiral ligament. The decision to examine this area was made because the osseous spiral lamina located above and below the epithelia and limbal fibrocytes make it difficult to measure fluorescence in the cells of other CaSR-expressing lesions.
Fibrocytes in the loose connective tissues come into contact with perilymph, which has a low calcium concentration (1.3 mM). Considering that this extracellular solution has a relatively low Ca 2+ concentration compared with that of plasma (2.6 mM), we used a 2.2-mM Ca 2+ solution to achieve an extracellular Ca 2+ -induced increase in intracellular Ca 2+ levels (Figures 3A-C) . In fibrocytes within the CaSR immunoreactive region (Figures 2C,D) , analysis of intracellular calcium in response to a rapid increase in extracellular Ca 2+ from 0 mM to 2.2 mM showed that intracellular Ca 2+ concentrations increased by 0.435 ± 0.069 (Figures 3D,F) , while other fibrocytes (type II and type V) located in the basal side of the spiral ligament, did not show significant increases in intracellular Ca 2+ concentrations during the experiment (Figures 3E,G) . In addition, the removal (wash out) of extracellular Ca 2+ rapidly eliminated this increase, suggesting this occurs in a reversible manner (Figures 3D,F) .
To determine whether this effect was specific to CaSR, we tested whether the response to elevated extracellular Ca 2+ concentrations could be inhibited by the CaSR-selective inhibitor NPS2143 (Nemeth et al., 2001 ). In the presence of 10 µM NPS2143, intracellular Ca 2+ concentrations in fibrocytes decreased greatly to 0.069 ± 0.018 (∼84% inhibition). This inhibition by NPS2143 was reversible, as calcium concentrations increased to 0.320 ± 0.082 (73% recovery) when the inhibitor was washed out of the solution (Figures 3D,F) .
Thus, it is mainly CaSR that mediates the extracellular Ca 2+ -induced increase in intracellular Ca 2+ levels in cochlear type I fibrocytes.
CaSR Inhibition by Calcilytics Induces Moderate Hearing Loss
To determine whether the CaSR-mediated regulation impacts the physiological function of the cochlea, we performed an in vivo pharmacological study to determine the role of CaSR in hearing. CaSR plays vital roles in various organs such as the parathyroid, kidney, and arteries (Alfadda et al., 2014; Riccardi and Valenti, 2016) , and therefore, systemic application of pharmacological agents would likely induce reactions in many different organs, and thus indirectly affect hearing thresholds. To avoid this complication, we chose to deliver drugs directly to the perilymphatic compartment where CaSR-positive fibrocytes are located by injecting them into the scala tympani through the round window membrane (Salt and Ma, 2001 ).
We inserted a glass capillary tube into the round window to enable injection into the scala tympani. ABRs were recorded for reference over a range of 8-, 12-, 16-, and 32-kHz tone bursts and gave average hearing thresholds of 30.0 ± 1.2 dB, 19.2 ± 1.5 dB, 22.5 ± 2.5 dB, 36.7 ± 4.2 dB, respectively. We then injected DMSO over the course of 30 min and recorded ABRs for up to 60 min. Of the six rats injected with DMSO, none had elevated hearing thresholds at any of the four frequencies examined (Figure 4B) . The average hearing thresholds at 60 min post-application for 8, 12, 16, and 32 kHz were 29.2 ± 1.5 dB, 19.2 ± 1.5 dB, 21.7 ± 2.1 dB, and 35.0 ± 3.4 dB, respectively, which were quite similar to the hearing thresholds obtained pre-application (P = 0.687, 1.000, 0.804, and 0.765, respectively). These results confirm that this injection protocol preserves hearing and is in line with previous reports (Hoya et al., 2004; Pan et al., 2013; Peyvandi et al., 2018) .
We next investigated how pharmacological inhibition of CaSR in the cochlea affected hearing thresholds. We applied 2 µM NPS2143 to the scala tympani. Prior to the application of NPS2143, the average hearing thresholds at 8, 12, 16, and Figure 1E , large arrowheads). CaSR staining (red) was contrasted with DAPI staining (blue; E) or shown as a DIC image (F). Small arrowheads, supralimbal fibrocytes; asterisk, limbal fibrocytes; Scale bar, 100 µm. (G,H) CaSR expression in arteriole smooth muscle cells of spiral modiolar arteries. CaSR staining (arrows, red) was contrasted with DAPI staining (blue; G) or shown as a DIC image (H). Scale bar, 25 µm. (marked as NPS2143) and then washed out. (F,G) Summarized data (means ± SE) of the inhibitory effect of NPS2143 on intracellular Ca 2+ levels due to the concentration of extracellular Ca 2+ in the spiral ligament (F) and other regions (G; n = 7). * * P < 0.01 vs. control.
32 kHz were 31.7 ± 1.1 dB, 22.5 ± 1.1 dB, 27.5 ± 2.1 dB, and 36.7 ± 3.3 dB, respectively (Figures 4A,C) . After injection of 2 µM NPS2143, we observed a significant increase in hearing thresholds, which reached a steady state around 60 min postinjection, with average hearing thresholds of 56.7 ± 1.7 dB, 49.2 ± 1.5 dB, 54.2 ± 2.4 dB, and 68.3 ± 3.1 dB (all P < 0.001, Figures 4A,C) . These data suggest that CaSR expression in the cochlea has a physiological effect on hearing thresholds. We subsequently tested a different CaSR inhibitor, Calhex231, that was developed as a calcilytic structure unrelated to FIGURE 4 | Elevation in hearing thresholds due to allosteric modulation of CaSR. (A) Representative waveforms of 12-kHz tone burst stimuli from 5-week-old Wistar/ST rats before (left) and after (right) intracochlear injection of the CaSR inhibitor NPS2143. For in vivo evaluation, auditory brainstem responses (ABRs) were recorded before and after NPS2143 was applied over 30 min at a constant speed, followed by 60 min of intracochlear diffusion. Scale bar, 1 ms (horizontal) and 5 µV (vertical). (B-D) Hearing thresholds over a range of frequencies in rats treated as described in (A) with a vehicle control (n = 6; B), NPS2143 (n = 6; C) or Calhex231 (n = 6; D).
NPS2143 to avoid off-target effects (Nemeth et al., 2001 ). Using our in vivo assay, we tested the effects of administering 100 nM Calhex231 on hearing thresholds. Prior to the application of Calhex231, hearing thresholds at 8, 12, 16, and 32 kHz were 32.5 ± 2.2 dB, 21.7 ± 2.5 dB, 24.2 ± 0.8 dB, and 41.7 ± 2.5 dB, respectively ( Figure 4D) . The application of 100 nM Calhex231 impaired hearing to a similar level observed upon administration of 2 µM NPS2143 and resulted in average hearing thresholds of 62.5 ± 3.1 dB, 55.8 ± 4.2 dB, 61.7 ± 2.5 dB, and 84.2 ± 3.5 dB, respectively at 60 min post-application (all P < 0.001, Figure 4D ). These data further support that blocking CaSR function has a negative effect on hearing.
DISCUSSION
Maintenance of extracellular Ca 2+ concentration is critically important for various physiological functions in the body. The role of CaSR in this maintenance is well established; it functions as the key regulator by detecting subtle changes in extracellular Ca 2+ . For example, CaSR in parathyroid cells detects the serum Ca 2+ concentration and normalizes it by adjusting PTH secretion level (Conigrave, 2016) . At the same time, cochlear homeostasis also requires tight regulation of extracellular Ca 2+ for proper functioning, but no such feedback system has yet been reported. This study provides evidence that CaSR functional expression in cochlear fibrocytes addresses the remaining shortcomings of the Ca 2+ regulatory system for lymphatic fluids.
Here, we demonstrated CaSR expression in fibrocytes of the spiral ligament and spiral limbus, as well as the epithelia of the osseous spiral lamina. Those CaSR-expressing cells reside in the perilymphatic compartment, among four compartments separated by tight junction-coupled endothelial cells (Krug et al., 2014) . The perilymphatic space comprises mainly two syncytia-the epithelial cell system surrounding hair cells and the connective tissue system positioned under and around the marginal cells of the stria vascularis (Kikuchi et al., 1995) -which are coupled by gap junctions formed primarily by Ca 2+ -permeable connexin 26 and connexin 30 (Fiori et al., 2012; Nielsen et al., 2017) . The results of this study demonstrate that CaSR is expressed in fibrocytes and epithelia of the connective tissue system. Interestingly, both of the CaSR-expressing fibrocytes (type I fibrocytes in the spiral ligament and limbal fibrocytes) are located directly behind cells that intensely express plasma membrane Ca 2+ -ATPase-1 (PMCA-1)-that is, marginal cells of stria vascularis and interdental cells (Wood et al., 2004) . The Ca 2+ transported by PMCA-1 from endolymph to perilymph in the loose connective tissue around the fibrocytes is highly likely to be detected by CaSR in both lesions. If this is the case, the extracellular concentration in the lesions would reflect Ca 2+ homeostasis not only in the perilymph but also in the endolymph because it reflects influxes from the endolymphatic space. These distributions may implicate its functional role as the sensor of cochlear Ca 2+ homeostasis.
Indeed, previous studies have demonstrated the expression of various proteins involved in Ca 2+ homeostasis in the syncytia of connective tissue. For example, the TRP channels involved in Ca 2+ transport in absorptive epithelial cell membranes have also been identified in the connective tissue system and its adjacent lesion. The Ca 2+ -selective TRP channels TPPV5 and TRPV6 were identified in the stria vascularis and in the spiral ligament, respectively (Takumida et al., 2009; Yamauchi et al., 2010) . The Ca 2+ -permeable TRP channel TRPC3 is expressed in the spiral limbus and spiral ligament of the connective tissue system (Tadros et al., 2010) . The smooth endoplasmic reticulum Ca 2+ -ATPase, SERCA, is highly expressed in type I fibrocytes (Gratton et al., 1996) and selected fibrocyte populations in the limbus and supralimbal region (Schulte, 1993) . The Ca 2+ binding protein calbindin D28k is expressed in type III fibrocytes in the cochlear lateral wall (Usami et al., 1995) . These observations support the idea that Ca 2+ homeostasis is actively maintained in the connective tissue system and may support the function of CaSR function as the regulator of Ca 2+ concentration in lymphatic fluids.
CaSR functions through its direct or indirect interaction with heterotrimeric G proteins to target functional proteins as other G protein-coupled receptors do. The cellular distributions of TRPC3 and CaSR overlap in the spiral ligament and spiral limbus (Tadros et al., 2010) , suggesting the possibility of TRPC3 as a candidate target protein. Furthermore, TRPC3 can be activated by phospholipase C (PLC), and therefore it can also be activated by CaSR via the Gq-PLC pathway. Indeed, CaSR increases the entry of extracellular calcium in human mesangial cells via TRPC3 (Meng et al., 2014) . However, further studies are needed to determine the target protein of CaSR signaling in cochlea.
In this study, the pharmacological modification of CaSR by the calcilytics (CaSR antagonists) NPS2143 and Calhex231 had a moderate impact on hearing, inducing 20-30 dB hearing loss throughout the frequency range examined. One possibility for this hearing impairment is the inhibition of CaSR signaling, which suppresses the entry of extracellular calcium into the connective tissue system as suggested by the results of imaging. This is similar to human mesangial and renal tubular cells where CaSR activation suppresses Ca 2+ reabsorption from urine. This action may elevate the perilymphatic Ca 2+ concentration and subsequently decrease the compound action potential like the perfusion of high-Ca 2+ artificial perilymphatic fluid does (Bobbin et al., 1991; Hu et al., 1997) . If this is the case, it would implicate the physiological impact of CaSR function on the regulation of the perilymphatic Ca 2+ concentration.
In summary, our results provide an understanding of the feedback mechanism that exists to regulate Ca 2+ concentrations in lymphatic fluids and its physiological significance in normal hearing.
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